AKXD recombinant inbred mice develop a variety of leukemias and lymphomas due to retrovirally mediated insertional activation of cellular proto-oncogenes. We describe a new retroviral insertion site that is the most frequent genetic alteration in AKXD B-cell leukemias. Multiple genes¯ank the site of viral insertion, but the expression of just two, Hex and mEg5, is signi®cantly upregulated. Hex is a divergent homeobox gene that is transiently expressed in many hematopoietic lineages, suggesting an involvement in cellular dierentiation. mEg5 is a member of the bim-C subfamily of kinesin related proteins that are necessary for spindle formation and stabilization during mitosis. Our data provide the ®rst genetic evidence for the activation of these genes in leukemia, and suggest that unscheduled expression of Hex and mEg5 contributes to the development of B-cell leukemia. In addition, this work highlights the use of genomic approaches for the study of position eect mutations.
Introduction
Insertional mutagenesis is a powerful genetic and molecular tool for the analysis of gene function. It is employed in both plant and animal model systems to evaluate the phenotypic eects of genetic alteration. In most model organisms, this approach is used primarily for germline mutagenesis. Fortunately, insertion mutation analysis need not be limited to the study of germline mutations, for it is also applicable to the study of somatic mutations. In the mouse, mobile DNA elements such as murine retroviruses induce somatic insertion mutations that contribute to the development of both hematopoietic and mammary cancers (Ihle et al., 1990) . By using the retrovirus as a molecular tag, it is possible to identify sites in the genome that are frequently altered in murine tumors. The study of these sites has led to the identi®cation of many proto-oncogenes as well as tumor suppressor genes. Not surprisingly, many genes altered by viral insertion mutations in the mouse have also been shown to play a role in human disease (Borrow et al., 1996; Levy et al., 1994; Morishita et al., 1992; Nakamura et al., 1996a,b; Suzukawa et al., 1994) .
Although proviral tagging studies have identi®ed many hematopoietic disease genes, few genes known to be involved in B-cell lymphoma development have been identi®ed (van Lohuizen and Berns, 1990) . Seven AKXD recombinant inbred (RI) mouse strains develop predominantly B-cell leukemia and lymphoma (Gilbert et al., 1993; Mucenski et al., 1986) . Of the 19 known oncogenes and/or previously identi®ed viral insertion sites that have been analysed within these strains, only four loci (Pim1, Evi1, Evi5, and G®1) show viral insertions in B-lineage neoplasias, and no rearrangements have been found at loci known to be involved speci®cally in B-cell dierentiation or disease (Bcl2, Cbl, c-abl, Rag1, Gata2) (Liao et al., 1995; Mucenski et al., 1988; Hansen and Justice, unpublished results) . The insertion mutations detected at Pim1, Evi1, Evi5 and G®1 occur in only 13% of the AKXD B-cell leukemia samples analysed, suggesting that the majority of loci that contribute to B-cell leukemia development in these strains remains to be identi®ed.
Our study reports the identi®cation of lymphoid viral insertion site 1 (Lvis1). Proviral insertions at this locus occur predominantly within the B-cell leukemia subset, accounting for 22% of AKXD B-cell leukemias. Compared to all other proviral insertion mutations identi®ed in the AKXD strains, Lvis1 is the most frequently altered locus. Thus, alterations at Lvis1 likely play a signi®cant role in the development and/or progression of disease. In addition, our study identi®es multiple genes near Lvis1, allowing a comprehensive evaluation of the eects of viral insertion on regional gene transcription.
Results

Viral insertion mutations at Lvis1
Proviral tagging studies facilitate the identi®cation of disease genes by marking them with viral sequences detectable by hybridization. Cloning the sequences anking an inserted virus, however, requires the construction of genomic or subgenomic libraries, followed by multiple rounds of library screening to isolate the DNA fragment of interest. To eliminate the need for hybridization-based cloning we developed a PCR-based approach for viral insertion site amplification, or VISA. This approach uses a degenerate primer combined with a viral speci®c primer to speci®cally amplify mouse genomic sequences¯anking inserted proviruses (manuscript submitted). VISA was used to amplify sequences¯anking a somatically acquired retrovirus in DNA isolated from a mouse B-cell leukemia. A probe representing the viral insertion site (pL1) was used to screen a panel of DNA from 270 AKXD leukemias and lymphomas (Gilbert et al., 1993; Mucenski et al., 1986) to identify additional rearrangements (Figure 1 ). DNA from brain and leukemia or lymphoma-in®ltrated tissue digested with XbaI or SacI and hybridized with pL1 revealed leukemia-speci®c DNA rearrangements in 26 samples, 21 of which have been classi®ed as B-cell leukemias. Viral insertions at this locus, designated Lvis1, occur in 9.6% of all AKXD neoplasias, and in a total of 22% of B-cell leukemias. When compared to alterations detected at known common sites of retroviral integration in AKXD mice, Lvis1 is the most frequently disrupted locus in B-cell leukemias (Table 1) .
Gene identi®cation
The pL1 probe was used to screen a genomic lambda phage library to obtain clones representing the germline Lvis1 locus. A restriction map of this locus was constructed and used to determine the location and orientation of proviral insertions identi®ed at Lvis1 (Figures 1 and 2a) . These studies show that viral insertions occur within a 6 Kb genomic region and lie in both transcriptional orientations (Figure 2a) . To identify candidate genes the Lvis1 genomic clones were screened for expressed sequences, however no conserved or expressed sequences were identi®ed (data not shown). Figure 1 Genomic DNA rearrangements at Lvis1 in AKXD B-lineage leukemias. (a) The restriction fragment map of the Lvis1 viral insertion site depicting the position and orientation (5' to 3') of the most frequently observed viral insertion in AKXD leukemias. Representative restriction maps of AKV ecotropic and MCF class II retroviruses (Chattopadhyay et al., 1980) are shown at the top of the ®gure. The shaded box below the map depicts the location of probe pL1. Probe pL1 detects a 6.5 kb fragment in XbaI restricted genomic DNA. The expected sizes after integration of an ecotropic provirus or a MCF class II provirus are 8.8 kb and 15.3 kb, respectively. Abbreviations for restriction endonucleases: S, SacI; K, KpnI; X, XbaI; Sm, SmaI; V, EcoRV; B, BclI. (b) Representative Southern blot showing Lvis1 rearrangements in the AKXD-18 B-lineage leukemias. XbaI-digested tumor DNA from 19 AKXD-18 tumors was Southern blotted and hybridized with a probe representing the Lvis1 locus (pL1). The germline XbaI fragment detected with pL1 is 6.5 kb. The additional XbaI fragments represent virus-induced rearrangements; the 8.8 kb fragments are consistent with the integration of an ecotropic retrovirus, whereas the 15.5 kb fragment is consistent with the integration of an MCF class II retrovirus (see above). The leukemic/lymphoma cell type (T, T cell; B, B cell) of each tumor DNA sample is listed above each lane (Mucenski et al., 1986; Gilbert et al., 1993) Viral enhancer sequences have been shown to in¯uence gene transcription bidirectionally and over large distances (Bartholomew et al., 1991; Lammie et al., 1992; Tsichlis et al., 1989 Tsichlis et al., , 1990 Varmus, 1982) . Therefore the gene(s) aected by viral insertion may lie at a greater distance from Lvis1 than available within the lambda genomic clones. To identify potential targets of Lvis1, we screened more than 100 Kb surrounding the site of Lvis1 insertions for candidate genes. A physical map of the Lvis1 region was constructed using BAC genomic clones (Figure 2b ). Clones within this region were used as targets for sample sequencing using a streamlined shotgun sequencing approach (Claverie, 1994) to obtain a two fold sequence redundancy for the 110 Kb region surrounding Lvis1. Each sequence was searched individually against nucleotide and protein databases using the BLAST and gapped BLAST algorithms BLAST-nr, BLASTN-dbEST, and BLASTX-nr (Altschul et al., 1997; Gish and States, 1993) to identify signi®cant sequence similarity. Excluding matches with repetitive sequences, these searches identi®ed similarity to database entries representing three genes: hematopoietically expressed homeobox gene (Hex), human kinesin-related spindle protein (HKSP), and ribosomal protein L35a (L35a) ( Table 2) .
Sequence from multiple random clones showed complete identity to nucleotide sequences of Hex ( Table 2 ). The physical distance between Hex and Lvis1 was determined to be approximately 50 Kb by both restriction mapping and high-resolution ®ber FISH mapping of BAC clones (Figures 2b and 3) . The Hex gene was also mapped by interspeci®c backcross analysis to con®rm its chromosomal location. Hex maps to chromosome 19 and cosegregates with markers at the Lvis1 locus (Figure 2c) .
A second gene at Lvis1, designated mEg5, was identi®ed by similarity to the human gene HKSP (GenBank accession no. U37426) ( Table 2 ). The location and orientation of this gene with respect to Hex and Lvis1 was determined by BAC clone restriction mapping using ClaI. Probes for both exon Figure 3 Mapping of BAC clone 371o8 relative to both clones 102o18 and 174j3 using ®ber FISH. (a) Example of DNA ®ber FISH using clones 371o8 and 102o18. (b) and (c) Examples of DNA ®ber FISH using clones 371o8 and 174j3. The BAC 371o8-SP6 endclone maps *10 kb from Lvis1 ( Figure 2b , and data not shown), whereas clone 174j3 does not contain Hex gene sequences, such that the distance between clones 174j3 and 371o8 represents an approximate distance between Hex and Lvis1, including the entire genomic length of the Hex gene. The average distance between these clones was determined to be 2.25 mm, or 52 ± 53 kb, based on ten measurements using the length of both clones as a standard. These measurements predict that the Hex gene lies approximately 50 kb from the site of viral insertions. Schematic representations of the measurements are shown below, including the corresponding calculated distances. The green color represents clone 371o8 labeled with biotin and detected by FITC. Clone 102o18 and 174j3 were labeled with Dig and detected by Rodamine, and are shown in red. Both colors can be observed in the area of clone overlap in panel (a) 1 of the Hex gene and 3' exons of the mEg5 gene hybridize to the same 30 Kb ClaI fragment, whereas a probe representing the ATG containing exon of mEg5 detects a ClaI fragment of 450 Kb. This indicates that exons for mEg5 span the ClaI site located 530 Kb upstream of the Hex gene, and that mEg5 lies approximately 70 ± 80 Kb from the site of viral insertions (Figure 2b) .
A 4728 bp cDNA clone representing the full-length mEg5 cDNA was cloned using RACE analysis. The open reading frame of this cDNA predicts a 1052 amino acid protein showing 77% identity to HEg5. HEg5 is a member of the bim-C subfamily of kinesin related proteins. Members of this group of proteins are characterized by a highly conserved motor domain and are thought to be necessary for spindle formation during cell division. The motor domain sequence of a mouse homolog of HEg5 has been identi®ed (Nakagawa et al., 1997) . This sequence, designated Kif11, is highly similar but not identical to the mRNA sequence for the motor domain of mEg5.
Similarity to mRNA sequence for mouse ribosomal protein L35a (GenBank accession no. Y16430) was detected. Sequence from this clone is 97% identical to the entire mouse L35a cDNA sequence, and is therefore intronless. This clone also contains sequence similar to a transposon-like element (GenBank accession no. U17091) immediately¯anking the L35a-like sequence (Table 2) . L35a belongs to a large family of ribosomal genes that are known to be present in multiple copies in the mammalian genome (Monk et al., 1981) . Taken together, the lack of sequence identity to cDNA sequence, the lack of intron sequence, as well as the presence of transposon-like sequences suggests that this copy of L35a is a pseudogene. L35a was mapped to the BAC contig by hybridization, and lies between Hex and Lvis1 on the physical map ( Figure  2b) .
To identify additional genes not represented in the nucleotide, protein or EST databases, the entire set of individual random sequences as well as assembled sequence contigs were analysed using GRAIL (Uberbacher et al., 1991) . Sequences containing predicted exons were screened for unique sequence hybridization probes, which were used for Zoo blot and Northern blot experiments. Although a subset of these were conserved across species (data not shown), only one detected transcripts by Northern blot analysis. Subsequent database searches with this predicted exon sequence have found that it is 97% identical to the rat mRNA sequence for rsec15 over 139 bps (corresponding to position 359 ± 497 of GenBank accession no. AF032668) (Kee et al., 1997) . This gene was con®rmed to map to the Lvis1 locus by genetic mapping and was designated msec15 (Figure  2b,c) . (White et al., 1998) 19 (Aholter et al., 1990) 19 (this study) 19 (this study) 19 (this study) a Genbank accession number of human or mouse ESTs used in this study. No mouse ESTs were identi®ed by Blast searches using UniGene EST assemblies, as the assembled UniGene sequences represent only the 3' UTR of IDE, for which human and mouse sequence is not available. The mouse homolog of rat IDE has been cloned (Aholter et al., 1990) , and mouse ESTs representing the coding region of IDE are present in the EST databases, but were not used in this study Figure 4 Expression of Hex, mEg5, and msec15 in AKXD-18 Bcell leukemias. DNA probes containing Hex (a), mEg5 (b), and msec15 (c) coding sequences were hybridized sequentially to a ®lter containing 20 mg total spleen RNA from AKXD-18 leukemic animals. The same blot was hybridized with a probe for Gapdh (d), which was used as a control for sample loading. The presence or absence of a retroviral insertion at Lvis1 is summarized as (+) or (7) at the top of the ®gure. Two Lvis1 insertions were identi®ed from a total of 22 leukemia/lymphoma samples screened. The location and orientation of each of the two viral insertions represent the most frequent viral insertion, as depicted in Figure 1a . Neither Hex nor mEg5 were expressed at high levels in tumors lacking Lvis1 insertions (above, and data not shown). The size of each of the transcripts detected is indicated on the left in Kilobases Candidate gene analysis using UniGene
The genes identi®ed by BAC sequencing were used to search the UniGene database to anchor the Lvis1 contig to the human radiation hybrid (RH) map. This search identi®ed human ESTs representing Hex, mEg5, and msec15, each of which was placed at position 436.26 (10q23) on the 1998 Chromosome 10 RH map (Deloukas et al., 1998) . Ten additional genes, represented as UniGene EST clusters, have been mapped to this location. Mouse or human ESTs representing each UniGene cluster were used to screen mouse BAC clones at the Lvis1 region (Table 3 ). Only one of these genes, Rah, maps to the BAC contig and is located outside of the region screened by sample sequencing (Figure 2b ).
Viral insertions at Lvis1 disrupt local gene expression
To determine whether neighboring gene expression was altered as a result of Lvis1 mutation, AKXD-18 mice were aged to collect tumor samples for expression analysis. Leukemia samples with or without Lvis1 mutation were used for Northern analysis. High levels of both Hex and mEg5 expression are evident in B-cell leukemias carrying insertions at Lvis1 (Figure 4 ). Neither gene was expressed at high levels in B-cell leukemias lacking Lvis1 insertions, and all transcripts appear normal in size (Figure 4 and data not shown). A 4 Kb Hex transcript was evident in both Lvis1 and non-Lvis1 tumors. A transcript of this size has been observed in humans and is thought to represent a Hex precursor mRNA (Man®oletti et al., 1995) . In contrast to the expression pattern of Hex and mEg5, transcripts representing msec15 were expressed at similar levels in all tumors (Figure 4) . No transcripts from Rah were detected in leukemia tissues (data not shown).
Discussion
Retroviral insertion mutations at Lvis1 are the most frequent genetic alteration in AKXD leukemias and lymphomas. These insertion mutations activate the expression of only two neighboring genes, Hex and mEg5. The Hex gene is characterized by a divergent homeobox that shows only 46% identity to the homeobox domain of Drosophila Antennapedia. Studies in human, mouse, and chicken have demonstrated that Hex is primarily expressed in pluripotent progenitor, myeloid, and B-cell lineages, whereas it is not expressed in T-cells (Bedford et al., 1993; Crompton et al., 1992; Hromas et al., 1993; Man®oletti et al., 1995) . Downregulation of Hex expression has also been associated with terminal dierentiation of B-cells, leading to the suggestion that Hex is involved in hematopoietic dierentiation (Man®oletti et al., 1995) . In human leukemia and lymphoma, genetic lesions associated with speci®c tumor-cell lineages commonly alter genes that function in corresponding lineage-speci®c developmental pathways (Barr, 1998) . The B-cell lineage speci®city of Lvis1 tumors is consistent with expression data that suggest Hex functions in hematopoietic development, and misexpression of Hex within this subset of cells disrupts proper dierentiation, contributing to the development of leukemia. Importantly, although Hex is expressed throughout B-cell development, none of the B-cell tumors lacking Lvis1 insertions express Hex at high levels ( Figure 4) .
The role of transcription factors in the development of leukemia and lymphoma has been well established (Look, 1997) . More speci®cally, transcription factors bearing resemblance to Hex have also been directly implicated in the development of leukemia. The homeodomain of Hex is closely related to that of Tlx1 (Bedford et al., 1993) . Overexpression of Tlx1 in mice leads to the development of T-cell acute lymphoblastic leukemia (Hawley et al., 1997) . Similarly, the t(10;14) translocation, common in human Tcell acute lymphoblastic leukemia, has been shown to result in upregulation of HOX11, the human homolog of Tlx1 (Dube et al., 1991; Kennedy et al., 1991) . Studies have shown Hex expression in peripheral blood samples from leukemic patients with B-cell derived tumors (Bedford et al., 1993) . Furthermore, chromosomal abnormalities of 10q23 ± 25 have been observed in human B-cell lymphomas (Speaks et al., 1992) . Thus, implication of Hex in the development of B-cell leukemia in AKXD mice suggests that Hex should be evaluated further in human cancers.
In addition to Hex gene activation, viral insertions at Lvis1 also activate the expression of the kinesinrelated gene mEg5. Kinesin proteins are molecular motors that are responsible for tracking molecules within the cell. Members of the bim-C subfamily of kinesin-related proteins are thought to play a role in spindle formation and stabilization during mitosis (Barton and Goldstein, 1996) . Members of this protein family localize to the mitotic spindle and share a highly conserved motor domain as well as a consensus phosphorylation site in the tail domain of the protein. In vitro studies of HEg5 have shown that this site is phosphorylated by p34 cdc2 in a cell-cycle speci®c manner (Blangy et al., 1995) . Evidence from null alleles of the predicted Drosophila homolog klp61F, and immunodepletion studies of the Xenopus protein XEg5 have shown that members of this family are necessary for spindle separation during cell division (Heck et al., 1993; Sawin, 1992) . To date, no experimental evidence has been found to implicate kinesin-related proteins in cancer development. However, because bim-C kinesin-related proteins function during cell division and spindle assembly, the possibility that activation of mEg5 in B-cell leukemias could contribute to improper spindle function and ultimately to chromosomal instability can not be excluded. Further study of both Hex and mEg5 will be necessary to determine if activation of just one of these genes is primarily responsible for the development of leukemia, or whether Hex and mEg5 cooperate in leukemia development.
One question that remains is why the Lvis1 viral insertion mutations occur at a distance from both the Hex and mEg5 genes? If overexpression of Hex alone can cause leukemia, one might expect to ®nd viral insertion mutations immediately upstream of the Hex gene. However, an examination of sequence 5' of Hex revealed no additional insertion mutations (data not shown). This leads to the speculation that perhaps the location of the viral insertion mutations is signi®cant. Distant insertions, such as those identi®ed at Lvis1, are generally assumed to mediate enhanced host gene expression through the action of viral enhancer elements. However, genes near Lvis1 are not globally upregulated, and this hypothesis does not satisfactorily explain why the insertions are found 50 Kb from Hex and mEg5. Alternatively, the idea that viral insertion mutations could enhance host gene expression by disrupting the action of a repressor has been suggested (van Lohuizen and Berns, 1990 ). This hypothesis is intriguing because it could explain both the location of insertions as well as the coordinated activation of Hex and mEg5. To date, the majority of targets for transcriptional repression are unknown. One class of transcriptional repressors, the Polycomb group (Pc-g), is required to maintain proper expression of homeotic genes during development. Recently it has been shown that the Pc-g repression also controls the expression of critical cell cycle regulators such as p16 and p19
Arf (Jacobs et al., 1999) . This implies that Pc-g gene repression is not only necessary for homeotic gene regulation during development, but is also crucial for maintaining cell growth control, and that more such targets will likely be found. Multimeric complexes of Pc-G proteins are thought to repress gene expression by binding to speci®c cis-regulatory elements, preventing gene activators from binding to their target sequences. A viral insertion mutation could disrupt this process either by directly eliminating the binding site of a repressor, or by altering chromatin structure. Further studies are currently underway to determine whether the genomic sequences at Lvis1 contain a cisacting element capable of transcriptional repression, and whether viral insertions at Lvis1 disrupt this function.
Materials and methods
AKXD mice
The AKXD RI strains of mice were derived by Benjamin A Taylor (The Jackson Laboratory, Bar Harbor, Maine, USA). AKXD mice used to collect the panel of 270 tumor DNAs have been described (Gilbert et al., 1993; Mucenski et al., 1986) . Additional AKXD-18 mice used in this study were obtained from the Jackson Laboratory and maintained in our colony at Oak Ridge National Laboratory. Animals were monitored weekly for signs of illness and moribund animals, or healthy animals reaching the age of 18 months were autopsied and evaluated for signs of disease. Normal and aected tissues were frozen for DNA and RNA extraction, and a portion of each tissue was saved for histological examination.
DNA extraction and Southern blot hybridizations
High molecular weight genomic DNA was extracted from normal tissues and tissues with leukemia cell in®ltration. Unless otherwise speci®ed, all DNA samples were puri®ed by standard procedures (Sambrook et al., 1989) .
RNA isolation and Northern blot hybridizations
All spleen RNAs used in this study were collected from AKXD-18 animals aged in our laboratory (see above). RNA was extracted from normal and leukemia cell in®ltrated tissues using RNAzolB (TelTest). Total RNA (20 mg) was fractionated by electrophoresis in 1.0% agarose gels containing 7% formaldehyde and transferred to Magna Charge 2 nylon membranes (Micron Separations Inc.). The Hex probe is a 842 bp cDNA fragment generated using primers (forward) 5'-tgcgaggggctgcggagcggc-3' and (reverse) 5'-actgtcatccagcattaaagtagc-3' (GenBank accession no. Z21524). The msec15 probe is a mouse EST clone (GenBank accession no. W97996). The mEg5 probe is a 1.49 Kb cDNA fragment generated using primers (forward) 5'-gcagcaaccttgatgaatgc-3' and (reverse) 5'-atacctgtgaatgggtttcc-3'. The membranes were prehybridized and hybridized as previously described (Church and Gilbert, 1984) .
VISA
The technique for viral insertion site ampli®cation is described elsewhere (manuscript submitted). In general, this technique utilizes a highly degenerate primer containing a short anchor sequence based on restriction enzyme recognition sequences to amplify unknown sequence¯anking a known locus (Beeman and Stauth, 1997; Sarkar et al., 1993) . By combining this degenerate primer with a virus-speci®c primer, VISA allows ampli®cation of unknown mouse genomic sequence¯anking viral insertion sites. Using VISA we ampli®ed the genomic sequences¯anking a somatically acquired retrovirus in DNA isolated from B-cell leukemia in®ltrated spleen tissue from an AKXD-18 animal. Brie¯y, size fractionated tumor DNA was used as a template for two rounds of PCR. The ®rst round included 2.5 pmol of a virus speci®c primer (5'-ctgagaacatcagctctg-3') and 25 pmol of degenerate primer (5'-gggttttccagtcacgacnnnnnnnnctgcag-3'), and the second round included 1 ml of ®rst round reaction as template with 25 pmol of both a nested virus speci®c primer (5'-ctggctaagccttatgaaggggtctttc-3') and the M13F primer. Products were cloned into the pGEM-T vector (Promega) for sequencing.
Genomic clone isolation
Overlapping l phage clones containing the Lvis1 locus were isolated from a Lambda Dash II mouse genomic library (Stratagene) using probe pL1. A screen of 10 6 plaques gave three positive clones. BAC clones containing the Lvis1 locus were obtained by screening Mouse BAC library ®lters (Research Genetics) by hybridization with probe pL1. Five positive clones representing four unique BAC clones were identi®ed. Additional BAC clones were isolated by screening Mouse BAC library ®lters (Genome Systems) using hybridization probes derived from clone G5 (see shotgun library construction) and a mouse EST clone representing msec15 (GenBank accession no. W97996). Insert length was determined for each clone by digestion with NotI followed by PFGE on a 1% SeaKem 1 GTG agarose gel in 0.56TBEX (68 mM Tris base, 23 mM boric acid, 1.3 mM Na 2 EDTA), with switch times of 6.8 s ± 13.6 s. BAC ends were ampli®ed using linker-ligation PCR (Kere et al., 1992; Mueller and Wold, 1989) . Brie¯y, PCR templates were prepared by digesting DNA from each BAC clone (50 ng) with restriction enzymes that cleave to form blunt ends (EcoRV, PvuII, SmaI, or HaeIII). Digested DNA was puri®ed and combined with 5 pmol annealed linker (equimolar quantities of LP 5'-gcggtgacccgggagatctgaattc-3' and L 5'-gaattcagatc-3'), 1 ml ligase and 5 ml 5X ligation buer (Gibco-BRL) in a 25 ml reaction. Two microliters of this ligation reaction were used as a template for PCR using the LP primer with either the T7 or Sp6 primers. Ampli®ed fragments were subcloned into pCRII (Invitrogen) and sequenced.
Chromosomal mapping
Genomic DNA from N 2 backcross progeny was digested with the appropriate enzyme and analysed by Southern blot hybridization with each of the probes used in this study. Probes for Fas, Frat1, His2, and Lvis1 have been described (Hansen and Justice, 1999) . The Hex probe is a 279 bp PCR fragment ampli®ed from mouse genomic DNA using primers (forward) 5'-tatacatgttatagacacag-3' and (reverse) 5'-ggcattcttaacattgctgc-3' (Genbank accession no. AA985962). The msec15 probe is a mouse EST clone (GenBank accession no. W97996). The mEg5 probe is a 390 bp cDNA fragment generated using primers (forward) 5'-tcctgtccggcttttgc-3' and (reverse) 5'-tccaaacaccatatcaaacg-3'. This probe contains the ATG start codon as well as 5' UTR sequence. The Rah probe is a mouse EST clone (GenBank accesion no. AA239785). Probe labeling, hybridization, and wash conditions were performed as described (Hansen and Justice, 1999) . Information regarding allele sizes and marker haplotypes has been deposited in the Mouse Genome Database (MGD, 1999) .
Fiber FISH mapping
BAC clones 371o8, 102o18 and 174j3 were mapped using high-resolution ®ber FISH analysis by SeeDNA Biotech, Inc. (Toronto, Canada). Brie¯y, lymphocytes were isolated from mouse spleen and cultured for 68 h at 378C in RPMI 1640 medium supplemented with 15% fetal calf serum, 3 mg/ml concanavalin A, 10 mg/ml lipopolysaccharide and 5610 75 M mercaptoethanol. Cells were hypotonically treated, ®xed, and dropped onto slides. Slides were soaked in PBS for 1 min and treated with 200 ml of alkaline solution. DNA ®bers were stretched by pulling the edge of a cover slide across the surface of the cells. Stretched ®bers were treated with one drop of methanol, soaked in a series of 70, 95, and 100% ethanol, and air-dried. BAC clone 371o8 was biotinylated with dATP using the BRL BioNick labeling kit (158C, 2 h) (Heng et al., 1992) . BAC clones 102o18 and 174j3 were labeled using digoxigenin (Heng and Tsui, 1994) . The procedure for FISH detection has been described (Heng et al., 1992; Heng and Tsui, 1993) .
Shotgun library construction and plasmid template preparation
BAC DNA used for library construction was prepared by large-scale alkaline lysis, followed by CsCl gradient purification using standard procedures (Sambrook et al., 1989) . DNA (20 mg) was sonicated in a 10% glycerol solution, and ethanol precipitated. Fragments were resuspended in 16 ligation buer and combined with 2 ml of a 1 mM dNTP solution, 1.5 ml Klenow and 1.5 ml T4 DNA Polymerase (GIBCO ± BRL). The reaction was incubated at room temperature for 30 min, and inactivated by incubation at 708C for 10 min. Samples were electrophoresed on a 1.0% SeaKem 1 LE agarose gel (FMC Bioproducts) for size selection. Fragments of 1 ± 3 Kb were gel puri®ed and blunt-end ligated into the EcoRV cloning site of pBSKS+(Stratagene). Ligation products were transformed into DH5a library eciency competent cells (GIBCO ± BRL). Sequence-ready plasmid DNA templates were prepared using the QIAprep 8 Turbo Miniprep Kit (Qiagen) on the BioRobot 2 9600 (Qiagen).
DNA sequencing
DNA sequencing was carried out using the PRISM 2 Ready Reaction DyeDeoxy 2 Terminator Cycle Sequencing Kit (Perkin Elmer) on the ABI Model 373 DNA Sequencer (Applied Biosystems). Sequence primers were either T3 or T7 sequencing primers, or synthetic oligomers derived from previously determined sequence. Each BAC sample sequencing ®le was edited to remove vector and ambiguous sequence to a ®nal length of no more than 600 bps with Sequence Navigator or Factura 2 , and was then used to search NCBI databases for nucleotide, EST, and protein similarity. In addition, each sequence was analysed by GRAIL to detect potential coding sequences. The ®nal sequence data set was analysed using AutoAssembler 2 1.4.0 to identify sequence overlaps. Edited contigs were re-evaluated for known sequences by searching NCBI databases, and were also reanalysed using GRAIL.
EST identi®cation and physical mapping
Human EST clusters representing PRH and HKSP were identi®ed by searching the UNIGENE database (http:// www.ncbi.nlm.nih.gov/UniGene/Hs.Home.html). Both of these genes have been mapped by the International RH Mapping Consortium (http://www/ncbi.nlm.nih.gov/genemap98/), and are placed at position 436.26 of human chromosome 10 (Deloukas et al., 1998) . A total of 13 EST clusters (including those clusters representing PRH and HKSP) as well as one Genethon marker have been mapped to this location (reference interval D10S564-D10S603). One of these clusters (sts-T88914) was initially excluded due to signi®cant similarity to the Alu repetitive element. Sequences representing each of the remaining 10 EST clusters at position 436.26 were assembled into contigs using the EST Assembly Machine at TigemNet (http://gcg.tigem.it/cgi-bin/ uniestass.pl) and searched against the NCBI DNA and mouse EST databases using the Blastn algorithm to identify potential mouse homologs. Four of these assemblies showed similarity to previously identi®ed genes or mouse ESTs. ESTs from cluster A006W20 were 82 ± 88% identical to rsec15, and likely represent the human homolog of this gene; ESTs from cluster stSG13323 represent retinoic acid hydrolase (mouse P450RA protein); ESTs from cluster WI-11129 represent protein phosphatase 1 binding protein PTG; and ESTs from cluster stSG25928 are 82% identical to mouse EST 567561. None of the six remaining UNIGENE clusters detect similarity to mouse ESTs or known genes. ESTs representing each of these six human genes in addition to both human and mouse ESTs representing RAH, PTG and stSG25928 were obtained from Research Genetics and were used as probes on Southern blots of Lvis1 BAC clones (Table 3) .
